Aqua planet experiments are performed in order to investigate the effects of an equatorial warm sea surface temperature (SST) area on the tropical large-scale precipitation patterns. The numerical model utilized is a spherical three-dimensional primitive system with resolution of T42L16 and with simplified hydrological processes. The warm SST area is placed at the equator of an aqua planet whose basic SST distribution is zonally uniform and symmetric about the equator.
Introduction
Investigation of atmospheric circulations realized in an idealistic model system often gives important insights in understanding the complex circulation structures of the real atmosphere. "Aqua planet" experiments have been recognized as one of these investigative tools. An aqua planet model is an idealistic moist atmosphere on a surface covered only with the ocean. Aqua planets have been numerically realized to observe possible characteristics that may be related to the phenomena of the real atmosphere, and may be useful in describing these phenomena. Hayashi and Sumi (1986) is one of the earliest efforts with aqua planet experiments to investigate a possible underlying structure in the precipitation patterns of the tropical atmosphere. They try to reveal idealistic precipitation distributions which would be realized if the SST distribution were fixed and were symmetric about the equator and zonally uniform. Their results indicate that three types of intrinsic precipitation structures may exist in the tropical region; super clusters, Madden-Julian oscillation (MJO or 30-60 day oscillation), and double ITCZs. Numaguti and Hayashi (1991a, b) put forward numerical analyses on the precipitation patterns observed in the aqua planet and show that WISHE (Wind-Induced Surface Heat Exchange) is essential for the existence of MJO, as was originally proposed by Emanuel (1987) and Neelin et al. (1987) . Numaguti (1993) also reveals that WISHE, combined with the effect of cumulus parameterizations, is crucial for the appearance of the double ITCZ structure.
In the aqua planet studies presented so far, the focus is placed on the precipitation and circulation patterns realized on zonally symmetric boundary conditions. The investigated structures are also zonally symmetric (like ITCZ's) or zonally asymmetric but their amplitudes are zonally uniform (like those of super clusters and MJO). However, the precipitation and circulation patterns observed in the real atmosphere are of course neither zonally symmetric nor uniform; the inhomogeneous boundary conditions such as land-sea distribution and SST distribution cause naturally asymmetric or nonuniform precipitation patterns. However, it is not straightforward to recognize how the inhomogeneity of the boundary conditions cause the observed precipitation and circulation patterns. This is because the amount of precipitation is affected not only by the in situ surface boundary conditions but also by the circulations driven remotely by the distant precipitation (thermal forcing).
With these situations in mind, we will investigate in this paper the precipitation patterns over the entire tropical region caused by a local warm SST area placed at the equator of an aqua planet. On the warm SST area, an intense precipitation activity, a so-called convection center, will emerge. However, we will consider the precipitation patterns all over the tropical region affected by the existence of the convection center; we will not focus on the convection center itself. The SST distribution outside the warm SST area is zonally uniform and symmetric about the equator to minimize the in situ effect on the precipitation properties. In the real atmosphere there are several convection centers located at the Maritime Continent, Africa and South America. The effects of those centers on the global precipitation distribution overlap each other. This situation does not allow us to present a simple explanation on the distribution. In our framework, we hypothetically choose only one of such convection centers and idealize the surface boundary conditions. The resulting nonuniform precipitation patterns will hopefully be simple and easy to understand.
If we can neglect the various feedback mechanisms in the moist atmosphere, the precipitation patterns outside the convection center will be easily predicted. The downward motion should be observed in the neighborhood of the convection center, which should suppress precipitation there. In a non-rotating system, the downward flow will be distributed symmetrically around the warm SST area and so will the dry region. In the tropics, because of the equatorial Q effect, the east-west asymmetry will appear in the distributions of the downward flow and the dry region. According to the linear long-wave theory of Gill (1980) , the ratio of the extent of the eastern downward flow region to that of the western region will be determined by the propagation speeds of Kelvin and Rossby waves, that is, three to one; and hence, the eastern and western dry regions will be expected to expand by this ratio.
However, we know that it is incomplete to predict the precipitation patterns without considering the water vapor supply and its transport. As for the water vapor supply, Numaguti and Hayashi (1991b) , Numaguti (1993) and others show that WISHE plays a crucial role in the determination of the latitudes of ITCZs and in the maintenance of MJO in the zonally symmetric SST problems. In our local warm SST problem, we can again expect that the moisture supply due to evaporation will be enhanced by the low level flow converging into the warm SST area and hence the amount of low level moisture will be increased. The increased moisture will decrease the vertical stability, which will compete with the stabilizing effect by the plausible downward flow around the warm SST area. As for the water vapor transport, the circulation induced by the heating at the convection center should be ruled by the equatorial dynamics, which will cause a certain structure in the vapor transport, resulting in an appearance of a vertically unstable region. In the eastern region to the convection center, for instance, Kelvin wave-like responses associated with surface low pressure are expected to appear. The low level frictional convergence will transport water vapor toward the equatorial low pressure region, which may contribute to the destabilization of that area (e. g., Wang 1988) .
We should also consider the existence of the mobile disturbances such as super clusters and MJO, which move eastward. The convection center at the warm SST area may trigger the activity of those disturbances and radiate them to the east. They may contribute to the increase of time mean precipitation in that region.
In the following sections, we will report the re-suits of our aqua planet experiments with a warm SST area at the equator. In Section 2, we will briefly describe the aqua planet model utilized in this study. In Section 3, the characteristics of the precipitation distributions are summarized by comparing the cases with and without the warm SST area. The detailed consideration on the difference in the precipitation patterns will be presented in Section 4. The cumulus parameterization dependency is checked in Section 5 where the Kuo scheme is used instead of the adjustment scheme. Some discussions will be placed in Section 6. In the present paper, we will focus on the tropical precipitation distribution; the influence on the precipitation and circulation patterns in the subtropics and mid-latitudes will be discussed in a separate paper.
Design of experiments

The model
The model used in this study is AGCM5 of GFD-DENNOU CLUB edition, which is the threedimensional primitive system on a sphere (GFD-DENNOU CLUB, 1997). The model is basically the same as that used in Numaguti (1993) , and its details are described in Numaguti (1992) . The dynamic part is represented by the pseudo spectral method with the triangular truncation at wavenumber 42 (T42) and by the sigma vertical coordinate with 16 vertical levels.
The model contains the following simplified physical processes. The employed cumulus parameterization is the Kuo scheme (Kuo, 1974) or the adjustment scheme (Manabe et al., 1965) . The condensed water is removed from the system immediately after condensation and hence there are no clouds. The absorption and scattering of the solar radiation are not included. The longwave absorption is represented by four spectral bands, three of which are of water vapor and one is of dry air. The scattering of the longwave radiation is not included. The absorption coefficients of the longwave radiation are chosen so that the cooling profile of the atmosphere roughly resembles the observed one. The vertical turbulent mixing is represented by the level II scheme of Mellor and Yamada (1974) . The surface fluxes of momentum, heat and water vapor are evaluated by the bulk formula.
2 Design of experiments
The entire globe is covered with the ocean, whose surface temperature is fixed (time-independent). The experiments with and without the warm SST area are performed and the resultant precipitation patterns are compared.
The basic SST distribution is the same as that used by Numaguti (1993) . It is symmetric about the equator and zonally uniform. The value of SST at the equator is 302K and remains constant in the equatorial region between the latitudes of ±7°. The shape of the local warm SST area is rectangular with the longitudinal extent of 40 and the latitudinal extent of 20. The peak value of SST anomaly is 2, 4, 6 or 8K, and is located at the center of the warm SST area which is placed at the equator. Figure 1 shows the SST distribution with the temperature anomaly whose peak value is 4K. Note that, since grid points do not exist on the equator, the maximum value of the SST anomaly represented in the model is actually 3. 4K, which appears at the latitudes of +1.4.
The geometry of the warm SST area is empirically chosen to have a convection center which has a single precipitation peak with a fixed location if averaged in the time scale of several tens of days; that is the period of the intraseasonal oscillation. It is desirable that the convection center is steady and its internal structure is simple for the purpose of investigating the precipitation patterns around it. When the warm SST area is too small, the activity of the convection center is weak and its effects on the surroundings become ambiguous, unless the magnitude of the SST anomaly is extremely large. When the warm SST area is too large, multiple convection centers appear in the warm area and interact with each other. The dynamic structure of the convection centers realized on the warm SST area is also an interesting problem, but we do not go into this issue in this paper.
It has been reported that the cumulus parameterization strongly affects the precipitation patterns. In the experiments with the zonally symmetric SST distribution of Numaguti and Hayashi (1991b) , the adjustment scheme produces a single ITCZ structure, while the Kuo scheme produces a double ITCZ structure. In this paper, by performing both of the experiments with the adjustment scheme and with the Kuo scheme, we hope to extract possible general structures of moist atmospheres independent of the cumulus parameterization. Each experiment is denoted by the combination of A or K, which is the initial of the employed parameterization scheme, and 0, 2, 4, 6 or 8, which is the amount of the SST anomaly at the center of the warm SST area. The experiments performed in this study are listed in Table 1 .
In the experiments AO and KO, the model is integrated from an isothermal rest state and the data from days 700 to 2200 are used for analyses. In the warm SST area experiments of the A series and the K series, the model is integrated from the data at day 700 of AO and KO, respectively, and the data from days 150 to 900 are used for analyses. The model atmosphere is recognized to reach a quasiequilibrium state after 150 days of integration.
For instance, our experiments show that the position and amplitude of ITCZ adjust to a new state in several tens of days after the change of the SST distribution.
In the following sections, we will focus on the results of the A series. We will present the results of the K series in Section 5 to confirm that the precipitation characteristics obtained in the A series do not depend on the cumulus parameterization.
3. Characteristics of the precipitation patterns 3. 1 Precipitation and evaporation without the warm SST area We first briefly summarize the precipitation and evaporation distributions realized in experiment AO, with which we will later compare the results of the warm SST area experiments. Figure 2 shows the zonally averaged time mean distributions of precipitation and evaporation for experiment AO. The profile of precipitation has its peak at the equator. The profile of evaporation has maxima in the subtropics and a minimum at the equator. The difference between precipitation and evaporation is accounted for by the meridional water vapor transport which is concentrated in the shallow layer below the level of 900 hPa. Experiment AO reproduces the zonal mean features of the adjustment experiments reported by Numaguti (1993) . Figure 3 shows the temporal evolution of precipitation at the equator. The eastward propagating grid-scale disturbances (super clusters) are not very coherent, as is reported by Numaguti and Hayashi (1991a, b) on their results of the adjustment experiments. The eastward propagating global structures, which are widely recognized as MJO, are not active, whereas they are clearly seen in the adjustment ex- periments of Numaguti and Hayashi (1991a, b) . We do not go into this difference in this paper1.
2 Precipitation and evaporation with the warm SST area
We will now describe the characteristics of the precipitation patterns obtained in the warm SST area experiments by showing mainly the results of experiment A4. Figure 4a is the time mean horizontal distribution of precipitation for experiment A4, and Fig. 4b is the difference from the zonal mean distribution of experiment AO.
Precipitation over the warm SST area increases greatly and a strong convection center forms. The precipitation maximum of 800W/m2 is observed at the center of the warm area. The amount of precipitation averaged over the warm SST area is 250W/m2. This exceeds considerably the value 142W/m2, which is the amount of precipitation in experiment AO averaged between the latitudes of +10 (see Table 2 ). The maximum value of precipitation (800W/m2=28mm/day N 10000mm/yr) is comparable to the monthly or seasonal mean values observed at tropical heavy rainfall areas, for example, Indian monsoon regions and Pacific ITCZ regions (e. g., Spencer, 1993) .
The notable feature in Fig. 4 is the deformation of ITCZ. There appears an east-west asymmetry in the precipitation distribution at the equator. To the west of the warm SST area, the amount of precipitation decreases in the region with the longitudinal extent of about 70. To the east of the warm SST area, on the other hand, it increases in the region with the longitudinal extent of about 220. The precipitation anomaly has its minimum of -100W/m2 in the western region at the longitude of 150° and its maximum of +60W/m2 in the eastern region at the longitudes of 220 and 280. In the regions along +10 latitudes, the amount of precipitation decreases regardless of the eastern or western sides.
Precipitation increases only at the longitudes where the warm SST is placed.
As for experiments A2, A6 and A8 we show only the longitudinal distributions of precipitation at the equator (Fig. 5) . The east-west asymmetry in the precipitation pattern observed in experiment A4 is also seen in these experiments; the amount of precipitation decreases in the western region while it increases in the broad eastern region. As the warm SST anomaly increases, the amount of precipitation at the convection center increases (Table 2) . However, the increase of precipitation in the eastern region seems to be independent of the magnitude of the SST anomaly. Even a small SST anomaly of experiment A2 causes a precipitation increase of the same magnitude as that of experiment A4. On the other hand, the drying in the western region is intensified as the warm SST anomaly increases. The western region of experiment A2 is not so dry as that of experiment A4. The drying in experiments 1 We note here that Numaguti and Hayashi (1991a, b) and Numaguti (1993) adopt different numerical codes and SST distributions. The numerical code utilized in this study, AGCM5 of GFD-DENNOU CLUB, is almost the same as that of Numaguti (1993) . The basic SST distribution of this study is also the same as that of Numaguti (1993) . The numerical code used by Numaguti and Hayashi (1991a, b) is based on the global spectral model of Numerical Prediction Division in Japan Meteorological Agency in the late 1980's. The SST distribution utilized in Numaguti and Hayashi (1991a, b) is obtained from the observed global SST distribution by averaging it zonally and extracting the equatorially symmetric part. The numerical code used by Numaguti (1993) was constructed by Dr. Numaguti himself on the basis of the experience of Numaguti and Hayashi (1991a, b) . Those numerical codes are different significantly. The physical processes, especially, the radiative processes are completely rewritten. Numaguti (1993) also employs a simple expression of the SST distribution which roughly represents the global SST observations. A6 and A8 is intensified compared to that of experiment A4. Note that in experiments A6 and A8 the decrease of precipitation occurs even in the eastern vicinity of the warm SST area. Figure 6 shows the temporal evolution of precipitation at the equator of experiment A4. The warm area is introduced at t=0 in the figure, at which the model state is the same as that of t=0 in Fig. 3 of experiment A0. By comparing Fig. 6 with Fig. 3 , it is found that the western dry region is established clearly in about 20 days.
The increase of precipitation just to the north and south of the warm SST area seen in Fig. 4b is caused by intermittently generated disturbances, which are recognized as tropical depressions, propagating northward and southward from the convection center (not shown here). Contrary to this, pre- However, in the eastern region we have the opposite response to that; an increase of precipitation. In this section, in order to investigate this equatorial east-west asymmetry appearing in the precipitation response, we will consider the thermal and moisture budget as mentioned in Section 1.
Static stability
First, we examine the change of static stability induced by the warm SST area. Fig. 7a shows the difference in saturated equivalent potential temperature (8e) at the equator between experiments A4 and A0, and Fig. 7b shows that of equivalent potential temperature (Oe). A necessary condition for occurrence of moist convection is that the value of 8e in the lower level atmosphere is higher than the minimum of Be (usually located in the middle tro- The warm area is introduced at t=0, at which the model state is the same as that of t=0 in Fig. 3 . M. Ishiwatari and S. Takehiro et al. 295 posphere). As shown in Fig. 7a , oe increases in the middle troposphere (a ti 0.55) both to the east and to the west of the warm SST area. The maximum amplitude of warming is about 0.4K in the western region and about 1.5K in the eastern region. Since the increase of oe reflects the warming in the middle troposphere, its overall increase is qualitatively consistent with the previous intuitive view in which the atmosphere around a convection center is stabilized by the middle tropospheric warming. However, the fact that the eastern region is more stable (warmer) than the western region implies that precipitation should be more strongly suppressed to the east than to the west. This implication is not consistent with the response obtained in the experiments shown in Section 3.
On the other hand, in Fig. 7b , a significant eastwest asymmetry can be seen in the change of oe in the lower levels. The amplitude of its anomaly has the maximum at o=0.9, where its values are -2K to the west and +2.2K to the east. This zonally asymmetric response is consistent with that of precipitation.
Close examination of the vertical distributions of oe and oe reveals that the minimum of oe exists at o-N 0.55, and the minimum value is lower than oe at o-0.95
(not shown here). This implies that, in the macroscopic view represented by the moist convective adjustment scheme, the starting level of the moist convection is a N 0.95. Consequently, we can diagnose the change of moist stability induced by the warm SST area by inspecting the change of oe at a=0.95 and that of oe at a=0.55 (Fig. 8) . As evidently shown there, the stability to the east of the SST anomaly does not change appreciably, while the stability to the west increases notably; the factor most contributing to the asymmetric change of stability is the tonal asymmetry of the low level oe change.
Moisture budget
We will next examine the change of the moisture budget. The increase of low level oe to the east of the warm SST area mentioned above consists mainly of the increase of humidity; the increase of oe due to the temperature change is about 0.2K while that due to the moisture change is about 1K. The increase of the low level humidity to the east of the warm SST area should be accounted for either by the increase of evaporation from the ocean or by that of horizontal moisture convergence.
The importance of the surface evaporation in the tropical circulation has been emphasized in this decade. The fundamental concept is referred to as WISHE (Wind-Induced Surface Heat Exchange; Yano and Emanuel, 1991) . The feedback mechanism of WISHE can be stated as follows; the large- scale low level wind forced by cumulus convection induces the change in surface evaporation, and hence changes the moist static energy in the mixed layer, which feeds back to the activity of cumulus convection. WISHE is expected to operate in the configuration considered in this paper, because the anomalous easterly to the east of the warm SST area can increase evaporation there since the basic zonal wind is easterly in the reference state with the zonally uniform SST distribution. The importance of moisture convergence, on the other hand, is most notably mentioned in the CISK theory associated with frictional convergence in the boundary layer. The feedback mechanism of CISK can be stated as follows; the heating generated by cumulus convection induces the large-scale response of pressure distribution, and succeedingly the change of low level frictional flow, which modifies the distribution of moisture convergence. This intensifies the activity of cumulus convection. CISK is also expected to operate in the present configuration because the Kelvin wave-like response is expected to produce low pressure area to the east of the convection center at the equator, which should be accompanied by the convergence of low level frictional flow. This convergence may modify the cumulus distributions in the distant region from the warm SST area.
In the following paragraphs, we will evaluate the relative importance of the two candidates, WISHE and CISK, by examining the response of evaporation and that of the difference between precipitation and evaporation (indicated by P-E below) which reflects the horizontal moisture convergence. Figure 9a shows the difference in evaporation in the tropics between experiments A4 and A0, and Fig. 9b is that for P-E. Around +7 latitudes to the east of the warm SST area, a slight increase of evaporation is found. However, against the previous expectation on WISHE, the equatorial response to the east of the warm SST area is negative. On the other hand, P-E increases at the equator to the east of the warm SST area. As P-E equals a horizontal moisture convergence in the equilibrium state, this indicate the existence of significant horizontal moisture convergence at the equator to the east of the warm SST area. It is evident that the change of evaporation does not play an important role in moistening at the equator.
In order to show the responses more clearly, the changes of evaporation and precipitation at the equator are plotted in Fig. 10a . Again, it is evident that precipitation is enhanced to the east of the warm SST area and suppressed to the west. The change in evaporation, on the other hand, is very small compared to that of precipitation except for over the warm SST area. Figure 10b shows the longitudinal distributions of the changes of precipitation and evaporation averaged meridionally between +30 latitudes. There is no east-west asymmetry in the evaporation response, just as at the equator. WISHE does not operate even as the meridional average over the whole tropical latitudes. By comparing Fig. 10a and Fig. 10b , we recognize that the increase of precipitation in the eastern region at the equator (Fig. 10a) is compensated by the decrease of that in the subtropics, resulting in little change in the meridionally averaged precipitation (Fig. 10b) . This suggests that the equatorial in all experiments (Fig. 5 ), but meridionally averaged responses are nearly equal to zero (Fig. 11 ) as in experiment A4 described previously. The difference of the vertically integrated moisture flux of experiment A4 from AO is shown in Fig. 12 . On top of the large vectors directed zonally along the equator converging to the warm SST area, there exist moisture flux vectors directed meridionally around 10 latitudes converging into the equatorial enhanced precipitation zone to the east of the warm SST area.
Moisture transports in the zonal and meridional directions shown in Fig. 12 are different in their vertical profiles (not shown). The moisture transport in the tonal direction along the equator extends vertically up to about 700hPa level, while the moisture transport in the meridional direction around 10 latitudes is confined below 900hPa. This is the level under which the effect of surface friction is significant in the model. Figure 13 summarizes the difference of large-scale circulations between experiments A4 and A0. As evident in Fig. 13c At the same time Fig. 13c shows that the region of enhanced surface easterly is quite limited in a narrow region near the warm SST area. This is a reason for the absence of WISHE in producing the east-west asymmetry of the precipitation pattern. periment A4 from those of experiment AO. The longitudinal distribution of vertical velocity is well correlated with that of precipitation (Fig. 10a) . Especially to the west of the warm SST area, there exists a region of strong downward motion whose zonal extent is almost the same as that of the negative precipitation anomaly. The coexistence of the downward motion and drying to the west of the warm SST area appears in all of the warm SST anomaly experiments (A2 N A8). In Fig. 13b , a region of the positive temperature anomaly is spreading widely to the east of the warm SST area. This corresponds to the extension of negative surface pressure anomaly in the eastern area of Fig. 13c . Furthermore, the direction of the wind vectors in the lower and upper troposphere in the equatorial region are westward and eastward respectively (not shown); there are little meridional components except for those in the lowest layers. These are the features of Kelvin waves and hence the circulation in the widely spreading eastern region can be regarded as an equatorial Kelvin wave-like response. Figure 13a shows the changes of horizontal wind and geopotential height at the upper troposphere (a=0.175).
It is evident that the zonal mean wind anomaly at this level is westerly. Correspondingly, ejection of Rossby wave-like trains to the midlatitudes is observed. The wave trains are more clearly seen in the global geopotential height field (not shown here). The Rossby wave-like trains are anticipated to carry easterly momentum to the extratropics. The detailed examination in this aspect will be presented elsewhere.
Experiments without WISHE
As a result of moisture budget analyses presented in the previous subsection, we may conclude that it is not WISHE but frictional convergence that contributes to the generation of the east-west asymmetry in the equatorial precipitation response. In order to evaluate the effect of WISHE more completely, experiment A4VC is conducted in which WISHE is excluded artificially.
In the numerical model utilized in this paper, evaporation from the sea surface is calculated by the use of the bulk formula. In experiment A4VC, the surface wind speed used in this evaporation formula is held constant in time in the tropical region between the latitudes of +30.
The fixed value of constant wind speed is obtained from the temporal and tonal mean of experiment AO except for the warm SST area where the temporal mean value of experiment A4 is used. The initial condition of experiment A4VC is the data at day 2200 of experiment AO and is integrated for 900 days and the data of the last 500 days is used for the following analyses (Fig. 14, Fig. 15 ).
As is evident in Fig. 14a , precipitation at the equator to the east of the warm SST area increases significantly from that of experiment AO. The response in P-E (Fig. 14b) is quite similar to that of experiment A4 (Fig. 9b) . This shows that the precipitation response is strongly connected to the horizontal moisture convergence. The longitudinal distributions of precipitation and evaporation at the equator and their averages in the tropical region (Figs. 15a, b) are also similar to those of experiment A4 (Figs. 10a, b) . These results clearly show that WISHE plays at most secondary role in the generation of the tonally asymmetric response of precipitation. 
Experiments with the Kuo scheme
In this section, we will present the results of experiments with the Kuo scheme instead of the adjustment scheme to examine the sensitivity of the precipitation structure to the choice of the cumulus parameterization scheme.
Firstly, we briefly present the results of the experiment without the warm SST area (experiment KO). As shown in Fig. 16 , the distribution of the tonally averaged precipitation has two peaks in the tropics at the latitudes of +7 and a minimum at the equator. This is the well-known feature of the sensitivity of ITCZ to the choice of the cumulus parameterization (Numaguti, 1993; Hess et al., 1993) . Figure 17a shows the horizontal distribution of precipitation in experiment K4, and Fig. 17b shows its difference from the zonal mean distribution of experiment KO. Although the positions of ITCZs of experiment KO are significantly different from that of experiment A0, the precipitation response charac- terized by the appearance of the east-west asymmetry is qualitatively similar; precipitation increases to the east of the warm SST area while a dry region appears to the west. This tendency is clearly seen in Fig. 18 , which shows the longitudinal distributions of precipitation averaged over the latitudinal region between +7 degrees. As the peak value of SST anomaly is increased, the east-west asymmetry becomes evident and tends to have the characteristics similar to that of A-series experiments. Figure 19 shows the differences of wind vector at the lowest level (Q=0.995) and surface pressure between experiments K4 and K0. The characteristics observed in experiment A4 (Fig. 13c ) also appear in Fig. 19 . The surface pressure anomaly is negative to the east of the warm SST area, while it is positive to the west. In the eastern side, the negative pressure anomaly is most significant at the equator, and correspondingly, the horizontal wind converging toward the equator is notable in the region of large anomalous pressure gradient. At the same time, the positive temperature anomaly exists above the equatorial low pressure area and correspondingly, zonally-directed wind exists above the surface boundary layer (not shown). These are the features of Kelvin waves and hence the circulation in the eastern region can be regarded as an equatorial Kelvin wave-like response. Figure 19 also shows that the region of enhanced surface easterly is quite limited in a narrow region near the warm SST area. The narrowness of the enhanced surface wind region has been also observed in Fig. 13c of the experiment A4. This suggests that WISHE does not operate in producing the east-west asymmetry of the precipitation pattern. In order to confirm this expectation, we conducted experiment K4VC in which WISHE is artificially suppressed just as experiment A4VC. The results (not shown here) are quite similar to that of experiment K4. Those similarities of the responses between experiments K series and A series proves that the main reason for the appearance of the east west asymmetry in the precipitation response is not WISHE but horizontal moisture convergence. The structure is robust in the sense that it does not depend on the cumulus parameterization scheme utilized.
Conclusions and discussions
Conclusions
By a series of aqua planet experiments with a localized warm SST area with various intensities, the following conclusions are obtained. The response to a warm SST area placed at the equator is that precipitation is enhanced in an extensive region to the east of the warm SST area while drying occurs to the west. The increase of precipitation in the eastern region results from the increase of meridional moisture convergence associated with the frictional inflow converging into the low pressure area existing to the east of the warm SST area. The decrease of precipitation in the western region is associated with downward flow and an increase of stability due to a temperature rise in the middle layer. WISHE does not play an important role in the generation of the east-west asymmetry of the precipitation response.
By comparing the results of the two series of experiments with the different cumulus parameterization schemes (the adjustment scheme and the Kuo scheme), the structure of the precipitation response is found to be insensitive to the choice of cumulus parameterization scheme. The east-west asymmetric response of precipitation obtained in the present study is robust in this sense.
The characteristic that an intense dry region appears to the west of an active convection center is found in the real tropical atmosphere and the GCM experiments. During the ENSO warm events, strong droughts are observed to the west of the warm SST anomaly areas in the equatorial Pacific (Ropelewski and Halpert 1987) . In the 82-83 ENSO warm event, the decrease of cumulus activity is clearly shown by the OLR observation (e. g., Arkin et al. 1983) ; it is reported that forest fires occurred even in the tropical rain forest of Borneo (Tsuyuki, 1988) In the GCM SST anomaly experiments, dry areas also appear to the west of the anomalous regions (e. g., Keshavamurty, 1982; Geisler et al., 1985; Wu and Liu, 1992) . As for the climatic precipitation distribution, there appear small rainfall regions to the west of the convection centers (Spencer, 1993) . For instance, the heavy convection activity over the Maritime Continent does not extend westward far into the Indian Ocean along the equator. The reason for the small rainfall is usually considered a result of low SST values in the corresponding region. However, even if the values of SST to the eastern and western sides are the same, the results of present research show that a dry region extends to the west of the convection center. The characteristics exemplified in our numerical calculations contribute at least partly to the formation of precipitation patterns to the west of the real convection centers.
From the theoretical framework presented in the literature in the past, our numerical results raise at least the following two issues. The first is to consider to what extent the tropical thermal response theory demonstrated by Gill (1980) and others is applicable to describe our numerical results. The appearance of dry region to the west of the warm area has not been expected to appear as simple long wave response to a localized heating, and will be one of the key issues to be investigated. The second is to consider in what situation WISHE can be a dominant contributer for precipitation patterns. In the preceding studies (Numaguti and Hayashi, 1991b; Numaguti, 1993) , WISHE has been revealed as an important mechanism to produce and/or maintain large scale precipitation patterns (MJO and ITCZs), while in this study WISHE has at most secondary effects. In the following subsections, we will try to describe the structure of dry and wet area by the equatorial long-wave dynamics, and also we will try to discuss the reason for WISHE being inefficient. We have to confess beforehand that the arguments to be presented hereafter remain within the scope of speculation. However, we believe that a qualitative discussion should be placed from the bases of our experimental results and the knowledge of the previous works on forced response problems with the equatorial wave dynamics.
6.2 Dry area, secondary negative heat source, and wave dynamics In a usual simple argument about the effect of a warm SST area on a circulation field, only a single local heat source representing the precipitation increase over the warm SST area has been assumed. However, in our results, the precipitation difference outside of the warm SST area should also be regarded as heating and/or cooling which contributes modification of the circulation field. In order to compare the amount of this "secondary" heat source outside of the warm SST area to that of the "primary" heat source over the warm SST area, Table 3 lists the differences of the amounts of precipitation integrated over various key areas for ex-2
The forest fires of 97 event are recently reported to be even more severe.
periments A4 and K4. Table 3 indicates that the secondary heat sources cannot be neglected compared to the primary heat sources. The noteworthy point is that, especially in experiment A4, the total amount of the decrease of precipitation in the western area (-7.31x1014 W) exceeds half of the increase of total precipitation over the warm SST area (1.21x1015W). In order to understand the circulation fields caused by the existence of the warm SST area, the secondary negative heat source caused by the precipitation decrease should also be considered. There are two issues to be considered with the secondary heat source. The first is the problem of maintenance. As will be mentioned below, we are speculating that the gross characteristics of the circulation fields can be understood within the framework of equatorial wave theory (e. g., Gill 1980 and others) by considering the existence of the secondary heat source. The second is the problem of causality. In this paper, we have not completed the description of the formation of secondary heat source distribution (precipitation change). This issue will be briefly mentioned in the next subsection.
Corresponding to the existence of the secondary negative heat source, the important characteristic to be marked is the existence of the high pressure anomaly area to the west of the warm SST area. As is evident from Fig. 13c and Fig. 19 , there exist high pressure anomalies to the west of the convection center. According to the equatorial linear long-wave theory, westward propagating Rossby waves generated from the primary positive heat source (convection center) should create a surface low pressure anomaly just as do eastward propagating Kelvin waves (Gill 1980) . The western high surface pressure anomalies of our experimental results cannot be expected from a linear long-wave response to a single heat source. However, we can recognize the existence of those high pressure anomalies as the effect of the secondary negative heat source. Since, as mentioned above, the amount of the negative heat source is fairly large, the low pressure anomaly from the convection center may be overwhelmed by the high pressure anomaly created by the negative heat source caused by the precipitation decrease. If this is the case to our numerical results, we do not have to change the framework of Gill, (1980) but cather include the secondary negative heat source instead of the single heat source over the warm SST area to crudely understand the structure of the circulation field.
The similar pressure responses can be observed along the ofd equatorial tropical latitudes. The surface low pressure anomalies around 10-20 latitudes end just in the western neighborhood of the warm SST area; at around 165 for experiment A4 (Fig. 13a) and around 140 for experiment K4 (Fig.  19) . To the west of those longitudes, the surface pressure anomalies become high. In the upper troposphere around +20 latitudes, the anticyclonic circulations from the convection center do not extend far into the west. The cyclonic cir. culations appear instead at around 165 for experiment A4 (Fig. 13a) and around 140 for experiment K4 (not shown). Recalling that the geopotential peaks of the fundamental mode of equatorial Rossby wave appear at the latitudes of 3/2 times equatorial radius of deformation which is 3/2x(1300-1600)km for c=40-60m/s, those off-equatorial tropical circulation characteristics can be regarded as a superposition of the long Rossby wave generated by the convection center and that generated by the secondary negative heating caused by the precipitation decrease to the west of the warm SST area.
Those features suggest that the gross characteristics of the circulation fields seem to be consistent with the expectation of equatorial wave response to a thermal forcing (Gill, 1980) but with recalling the existence of the secondary heat source. However, the scenario needs more quantitative verification. In experiment A4, the amount of western negative heating is only about a half of the positive heating of the convection center (Table 3) . In experiment K4, it is even smaller.
We are speculating that dissipation processes reduce the amplitude of emitted waves as traveling from the sources and hence, in the neighborhood of the negative heating area, the high pressure anomaly overwhelms the low pressure signal from the east.
Most of the investigations with simple models on heating anomaly response problems presented so far consider responses to a single one-signed heating anomaly or realistic ones (Gill, 1980; Lim and Chang, 1983; Lim and Chang, 1986; Gill and Philips, 1986; Hendon, 1986) . Ting and Held (1990) performs GCM experiments with dipole tropical SST anomaly, but, since they focus exclusively on the extratropical responses, they present little information on the tropics related to our problems. We have to design new experiments in order to check our speculations.
6.3 Formation of precipitation Change So far, we have not shown how the increase and/or decrease of precipitation establishes after placing the warm SST area. What we have shown from our experimental results is that the precipitation distribution is consistent with the surface wind convergence. We have described in Section 4 and Section 5 that the frictional convergence due to Kelvin wavelike structure causes the precipitation increase to the east of the warm SST area. However, we have used the term 'Kelvin wave' only because the circulation structures and the low level winds obtained by the experiments resemble the characterisitics of equatorial Kelvin waves ( Fig. 13 and Fig. 19) ; we have not verified that the development of the equatorial low pressure region to the east of the warm SST area is an equatorial Kelvin wave response ejected from the convection center. In the western part, we have not described the frictional divergence by the use of 'Rossby wave'. The circulation structures of this area seem to be complicated as discused in the previous subsection.
In the eastern region, it can be expected that, at the start of the warm SST area experiments, the positive temperature signal in the middle troposphere and the surface low pressure signal emitted from the convection center formed as the intrusion of the warm SST area propagate eastward with the speed of the equatorial Kelvin wave and cover the entire tropics. Motivated by this expectation, we examined time evolutions of tropospheric temperature and surface pressure at the equator just after the start of the warm SST area experiments (not shown here). Unfortunately, because of the abundant existence of the background waves generated by the natural convective activity in the tropics, the clear identification of the signals emanating from the warm SST area is difficult; the expected picture of the Kelvin wave propagation has not been confirmed. In order to obtain explicit evidence on this issue, one should perform ensemble experiments starting from different initial conditions to eliminate the background wave activities.
As for the dry and high pressure anomaly area to the west of the convection center, we present a following scenario. The switching on of the warm SST area generates the long Rossby wave response to the west associated with low pressure anomaly. The difference in the western Rossby wave response compared to the eastern Kelvin wave response is that the centers of the low pressure are located in the northern and southern hemispheres; the equatorial pressure anomaly is relatively high compared to other latitudes. The resultant surface frictional wind in the mixed layer is divergent at the equator; this wind suppress as the water vapor convergence and moist convection activity there. Consequently, the thermal forcing in this area tends to be negative and enhances the surface high pressure anomaly there. In order to check this scenario, we have to carry out ensemble experiments as previously mentioned in the argument of the eastern response, which remains an issue of further investigations.
Wind responses and WISHE
According to Numaguti and Hayashi (1991b) and Numaguti (1993) , WISHE is shown to be crucially important for the maintenance of MJO and ITCZ in the aqua planet experiments. Interestingly, however, WISHE has proven to be unimportant for the generation of the east-west asymmetric precipitation pattern resulting from the warm SST area.
An interesting result which may be relevant to the inefficiency of WISHE is that the surface wind anomaly at the equator is confined to the neighborhood of the warm SST area. As seen in Fig. 13c , the amplitude of the equatorial surface wind anomaly exceeds 1 m/s only in the region between the longitudes of 150 and, 200. On the other hand, in the lower troposphere above the level of o=0.9, the equatorial wind anomaly to the east of the warm SST area extends uniformly to the distance. These characteristics of the wind anomaly can be seen by a close examination of Fig. 13b .
We are expecting that the strong momentum damping in the boundary layer is the probable reason for the small amplitude of surface zonal wind anomaly along the equator away from the warm SST area. A disturbance can propagate only for a small horizontal distance in the boundary layer because of the large dissipation effect. However, in the troposphere above the boundary layer, a disturbance can propagate for a long distance. The tropospheric disturbance above the boundary layer seems to have little direct influence on the surface wind because of large dissipation. The surface pressure, however, can be influenced by the tropospheric disturbance mentional previously, through the hydrostatic relationship. The resultant surface pressure disturbance causes surface wind anomaly at the places where the pressure gradient exists. The equatorial surface wind response is expected to be very small because of the small pressure gradient expected there.
The narrow extent of the surface wind response re-minds us of the arguments on the tropical low-level wind distribution by Lindzen and Nigam (1987) and Neelin (1988 Neelin ( , 1989 . They show that the large dissipation rates should be implemented in the shallow water models to realize a realistic wind distribution for a given realistic horizontal distribution of heating (mass source) or SST gradient (momentum source). However, their systems, which are basically one layer models, can not include the remote influence through the wave propagation in the troposphere above the boundary layer. We need more quantitative discussion about the role of vertically varying dissipation on the remote influence before considering the consistency of our results with the previous arguments.
In the problems of MJO (Numaguti and Hayashi, 1991b) and ITCZ (Numaguti, 1993) , where WISHE is important as a maintenance mechanism, the amplitudes of the related zonal wind anomalies are large in the wide longitudinal area. In the MJO of Numaguti and Hayashi (1991b) , the surface wind anomaly associated with MJO is about 1m/s, while the zonal mean value of the surface wind averaged in the equatorial region between +10 latitudes is about 3m/s. In the ITCZ transition experiments in Numaguti (1993) , the Change from double to single-ITCZ structure takes place when the wind speed in evaluating evaporation is fixed to be 6m/s, while the wind speed is 3.5m/s at the equator and 7.5m/s in the subtropics under the double ITCZ condition. Compared to those experiments, the surface wind anomalies in the present warm SST area experiments are considerably small. As seen in Fig.  13c , the low level tonal wind anomaly averaged in the equatorial region between +10 latitudes is at most 0.5m/s, which is by an order of magnitude. smaller than the surface wind speed (about 6m/s) of experiment AO averaged over the same latitudes.
The surface wind anomaly observed in our experiments is small, while that of MJO in Numaguti and Hayashi (1991b) is large. At the moment, we cannot tell whether these two experiences are consistent to each other or not. We now feel that responses to steady and moving heat sources seem to have different features because of the effect of the boundary layer. Thorough understanding of these points requires properly designed, different sets of numerical experiments, which are left for future works.
